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A B S T R A C T
The recognition of gradient features of the properties of in situ concrete is important for
the interpretation/prediction of service life. In this work, the gradient features: water
absorption, porosity, mineralogy, morphology and micromechanical properties were
studied on two in situ road concretes (15 and 5 years old, respectively) by weighing, MIP,
XRD, IR, SEM/EDS and micro-indentation techniques. Results showed that a coarsening
trend of the pores of the concrete leads to a gradual increase of liquid transport property
from inside to outside. Although the carbonation of the exposed surface results in a
compact microstructure of the paste, its combined action with calcium-leaching leads to a
comparable porosity of different concrete layers. Moreover, the combining factors result in
three morphological features, i.e. a porous and granular exposed-layer, a ﬁbrous and
porous subexposed-layer and a compact inner-layer. Micro-indentation test results
showed that a hard layer that moves inward with aging exists due to the alterations of the
mineralogy, the pore and the gel structure.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
During the service life of concrete structures, deterioration induced by environmental impacts, such as the ingress of CO2
into concrete and the neutralization process of calcium-bearing constituents followed by chloride and moisture
transportation through pores to the reinforcing steel bars, would lead to alteration of the properties of the binder, reduction
of the load-bearing capacity and volume stability, and consequently a shortened service life of the structure. From the safety
and economy standpoint, it is desirable to know the deterioration process of the concrete structure and the residual life
expectancy, both of which have been in the research scope over the last decades.
Compared with its long service life, the maturing process of cement-based material is quite short and it is believed that
over 70% of this process ﬁnishes at 28 days after casting (Taylor, 1997). For the cover concrete, normally determined as
those within 4–5 cm from the exposed surface (Patel et al., 1985), although the hardening process continues after the
initial curing, it was believed to be slowed down or terminated due to the decrease of the moisture content as a result of
self-desiccation accompanying hydration and moisture diffusion to the dry environment (Jiang et al., 2007) to a level of
about 80%RH (Patel et al., 1985; Flatt et al., 2011). On the other hand, the environment-exerted impacts on the properties
of the cover concrete gradually take place, which, under most circumstances, do harm to the material. To elucidate the* Corresponding author at: School of Materials Science & Engineering, University of Jinan, Jinan 250022, Shandong, China. Tel.: +86 531 82767655;
fax: +86 531 82767655.
E-mail address: ujn_chengxin@163.com (X. Cheng).
http://dx.doi.org/10.1016/j.cscm.2014.08.003
2214-5095/ 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/3.0/).
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evolution of concrete structures under environmental conditions. By monitoring the properties of cement-based
materials under various conditions, especially the volume stability (Ishida and Iqbal, 2009; Zeng et al., 2012), the
distribution and the tortuosity of the pore structure (Ishida and Iqbal, 2009; Song and Kwon, 2007; Haga et al., 2005;
Ustabas, 2012), the gel property (Black et al., 2007), characteristics and mechanisms of the physical/chemical/
physiochemical deteriorations on concrete have been intensively investigated. Based on these ﬁndings, models, aimed at
predicting the service life of concrete structures have been proposed and veriﬁed through lab experiments or ﬁeld
studies by using Darcy’s or Fick’s law. However, these predictions are far from satisfactory.
When predicting the service life of a concrete structure, transport parameters such as permeability and diffusivity are the
key inputs. Moreover, studies on the coupling effect of ion/gas penetration, freezing–thawing, loading, etc. on the properties
of concrete have been on thriving (Chung et al., 2010; Li et al., 2011). When evaluating these basic transport parameters,
concrete sections having consistent properties were assumed, which, however, always under or overestimate the real values.
For example, constants representing the transport properties of cement-based materials of permeability, diffusivity (Mangat
and Limbachiya, 1999; Zhang and Gjørv, 1996; Chatterji, 1995) may vary according to the variations of physical (Djerbi et al.,
2008), chemical (Schwotzer et al., 2010) and electrochemical features (Yu and Page, 1991; Ngala et al., 1995; Roy et al., 2000)
of the gel, and these are the core features of the real transport process (Schwotzer et al., 2010). Although equations were
proposed for obtaining these time and location dependent parameters (Mangat and Molloy, 1994), their relationships with
the alteration of the gel properties has been rarely reported.
It is easy to understand that the nearer the inside concrete to the exposed surface, the greater the possibility of the
occurrence of deterioration, leading to a gradient alteration of the properties (Song and Kwon, 2007; Ryu et al., 2011; Patel
et al., 1985). Recognizing that different transport properties of cement-based materials can result due to the differences in
physicochemical properties, it would be of great importance to know the gradient alteration features of the in situ concrete,
which has been rarely and speciﬁcally studied (Song and Kwon, 2007).
In this work, detailed studies of the gradient features of two road concrete samples of 15 and 5 years old, including
mineralogical, morphological, compositional, structural and micromechanical gradients have been investigated, and it is
hoped that a glimpse for further investigations of the durability-prediction of concrete structure on site can be obtained.
2. Materials and test methods
2.1. Materials
Two concretes (Fig. 1), one about 15 years old (sample A) sampled from a declining road and the other about 5 years
old (sample B) sampled from level ground, were analyzed in this work. Ordinary Portland cement was used in both
concretes that were cast in situ and mixed at a water-to-cement ratio of about 0.6. For the location of these two concretes,
the lowest temperature is about 8 8C with a winter duration of 4 months per year. It can be seen in Fig. 1 that
the carbonation depth of samples A and B was about 2.5 cm and 2.0 cm, respectively. Concrete layers parallel to the
surface were sectioned at different thicknesses using water-cooled saws. Generally, a 5 mm-thick saw was used to
prepare samples (about 7 mm thick and 50 cm2 in size) for macro-property measurement, and a 1 mm-thick saw was
used for preparing samples (about 7 mm thick and 4 cm2 in size) for micro-property testing.
2.2. Test methods
2.2.1. Water absorption ratio and the initial water absorption coefﬁcient (IWAC)
Water absorption characteristics of the newly cut concrete layers, i.e., layers parallel to the concrete surface,
were measured by following processes described in a separate paper (Hou et al., 2014). The initial water absorption
coefﬁcient (IWAC), i.e., the slope of the water absorption ratio vs. square root of time (in seconds) at the beginning of
water absorption as described in Pihlajavaara and Pihlman (1974) was used to evaluate the water transport properties.
Before water absorption measurements, the concrete sections were oven-dried at 105 8C for 24 hours. When calculating
the water absorption ratio per square centimeter, the area of coarse aggregate was excluded by using image analysis
techniques. Three samples were tested and averaged to be taken as the representative value.
2.2.2. Mercury intrusion porosimetry
Mercury intrusion porosimetry (MIP, Quantachrome, PM60GT-18, USA) was used to quantitatively evaluate the
pore tructure of different concrete layers. When preparing samples for MIP test, aggregates were avoided from sampling and
about 0.4–0.6 g sample was used for each measurement. A pressure of more than 400 MPa can be achieved by the machine
and this pressure allows the mercury to penetrate pores as ﬁne as 0.003 mm diameter, (minimum diameter – allowing for
the ‘‘ink bottle’’ effect).
2.2.3. SEM-EDS
A Quanta FEG-250 equipped with energy dispersive spectroscopy (EDS) was used to analyze the morphology and
elemental compositions of the cross section of the concrete layers parallel to the concrete surface at different depths.
Fig. 1. Images of samples A and B (newly cut concrete perpendicular to the surface after spraying with phenolphthalein solution).
P. Hou et al. / Case Studies in Construction Materials 1 (2014) 154–163156When doing the EDS tests, surface-scanning protocols were used. At least 12 pieces of scanning area were tested on
each sample. Calcium-to-silicate ion mole ratio was calculated and used to reﬂect the change of the chemical
compositions of C-S-H gel at different depths from the surface.
2.2.4. XRD/IR/TG-DSC
X-ray powder diffractometry (Bruker D8 Advance, Germany) was used to evaluate the mineralogy difference between
different layers. When preparing samples for XRD test, concrete slices were hand-ground into powder ﬁner than 80 mm
with the visible aggregate excluded from grinding. During the tests, parameters of the accelerate voltage, accelerate
current, step size, dwelling time, and the width of the receiving slit were 40 kV, 40 mA, 0.058, 2 s, and 0.6 mm,
respectively.
IR spectroscopic experiments were conducted on a Thermo Nicolet, Nexus 870, USA instrument, to evaluate the
alteration of the structure of the C-S-H gel. Oven-dried (105 8C for 24 h) powder samples collected from different
layers parallel to the surface were mixed with KBr at a sample-to-KBr mass ratio of 1/100 and compressed to give a
self-supporting thin layer. The samples were scanned 32 times with a resolution of 4.0 cm1.
A thermogravimeter equipped with differential scanning calorimeter (TG-DSC, Mettler-1600HT, Sweden) was used
to monitor the phase change(s) of concrete over heating. During the test, powder samples ﬁner than 80 mm as prepared
for the XRD test were heated under Argon atmosphere at 20 8C/min from 50 to 1000 8C.
2.2.5. Vickers hardness
To assess the mechanical properties of the pastes at different depth from the surface, Vickers hardness tests were
performed on the concrete slices. Before testing, thin concrete sections were cut parallel to the surface of the concretes
and embedded in epoxy resin. The newly cut surface of the sample was polished using silicon carbide paper of gradation
74 mm, 20 mm, and 6.5 mm. Water was used for cooling during the polishing process. The polishing time was 5 min for
the ﬁrst two polishing steps and 20 min for the last polishing. In the ﬁnal step, the polished samples were ultrasonically
cleaned in water for 1 min using a bath sonicator to remove polishing debris.
To evaluate the micro-mechanical property of the paste, 60 indentations were performed on each sample in more
than 6 separate areas. To separately evaluate the micro-mechanical properties of the bulk paste and the interface
transition zone (ITZ), indentation tests were performed on pastes beyond and within 200 mm away from the interface,
respectively. When doing the test, a 5 g loading was applied and diamond indentation marks with a size of tens of
microns resulted.
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Fig. 2. Water absorption ratios of different layers of concretes A and B.
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3.1. Water absorption
As a porous material, the serviceability of cement-based materials is largely dependent on the gaseous or liquid
transport properties (Parrott, 1992). The water absorption characteristics of concrete layers are depicted in Fig. 2. It can
be seen that different water absorption extents are shown and higher values are exhibited in the outer layers. The same
trend is found in the initial water absorption coefﬁcient as shown in the graphs. A marked gap between the ﬁrst layer,
i.e., the outer surface of the concrete sample, to those of the inside layers indicates its great variation in physicochemical
properties. Different water absorption characteristics of samples A and B, as shown, may be due to their differences in
constituents, pore structure, connectivity, or gel surface potential (Zhang et al., 2002), etc.
To quantitatively assess the water absorption characteristics of different concrete layers, the relationship between the
initial water absorption coefﬁcient and the volume of pores bigger than 10 nm was drawn. Fig. 3 and Table 1 demonstrate the
pore size distribution curve and raw data, respectively. It can be seen that coarser pores are found in the outer layer concrete.
Compared with sample B, smaller variations of the total pore volume are seen among layers in sample A. In Fig. 1, a greater
carbonation depth is seen and it has been widely reported that ﬁne pores of dozens or hundreds of nanometers could be
reduced by carbonation (Pihlajavaara and Pihlman, 1974; Ngala and Page, 1997). Thus, a comparable total pore volume
among different layers could be accounted for by the calcium-leaching of Ca(OH)2 and C-S-H gel (Jain and Neithalath, 2009).
A small amount of gel pores (smaller than 10 nm) in the outer layer sample could be ascribed to the more serious calcium-
leaching of the constituents. An obscure pore volume gradient in sample B would be due to a lower decalciﬁcation degree ofFig. 3. Pore size distributions of different concrete layers.
Table 1
Pore size distribution data of different concrete layers.
Pore size range (mm) 250–10 10–0.1 0.1–0.01 0.01–0.003
Sample A Layer 1 0.011 0.042 0.066 0.027
Layer 2 0.014 0.048 0.055 0.033
Layer 3 0.006 0.027 0.052 0.047
Layer 4 0.009 0.026 0.068 0.034
Sample B Layer 1 0.011 0.042 0.067 0.027
Layer 2 0.005 0.018 0.066 0.036
Layer 3 0.003 0.011 0.096 0.043
Layer 4 0.004 0.009 0.068 0.029
Layer 5 0.003 0.002 0.050 0.022
P. Hou et al. / Case Studies in Construction Materials 1 (2014) 154–163158Ca-bearing components in a shorter service time, as well as a lower tendency of leaching in a level than in a declining ground
surface as illustrated in the raw materials section.
Relationships between the pore volume and the IWAC with distance from the exposed surface are drawn in Fig. 4, in
which the gradient features of the concrete are clearly shown. By ﬁtting the scatter data, the empirical power exponent
relationship of the form cc = cox
m, is demonstrated, where x is the distance from the outer surface in cm, m is an empirical
coefﬁcient, cc is the effective IWAC or porosity at location x, and co is the effective IWAC or porosity at location equal to one
centimeter depth. The great variance in m of the two samples can be ascribed to the differences of service duration,
composition, etc.
Although there is an obvious difference in porosity gradient of samples A and B, the water absorption coefﬁcients
share a very similar gradient feature, which can be due to the characteristics of the volume, connectivity and size
distribution of the pores (Ngala et al., 1995; Jain and Neithalath, 2009).
3.2. Morphology
The representative morphological images of different concrete layers are demonstrated in Fig. 5, from which the gradient
characteristics of the morphology of bulk pastes of different layers can be concluded. To get a full view of the morphology,
two scale bars of 40 and 5 mm were used.
Gradient morphological features of the two concrete samples are shown in Fig. 5. In the ﬁrst layer, granular particles
with size of about 1 mm are seen and the bulk paste is loosely structured. Together with the XRD results shown in Fig. 7,
these fragmentary crystals are determined as calcites, which show no strong bond to the underlying cement paste
substrate. For layers 2–4, ﬁbrous, porous and needle-like hydration products are found and the integrity of the bulk
pastes improves, but granular crystals are rare to see, illustrating the declining of the carbonation proﬁle. On the other
hand, a large amount of pores are presented in these layers, showing that the components are seriously dissolved
(Schwotzer et al., 2010). It can be seen that in the inner layers (the 5th and 6th layers) the dense structures are prevalent.
Less markedly morphological gradients are seen in sample B and this could be due to its shorter service age. However,
a clear morphology difference can be identiﬁed between the exposed surface and the interior part, in the former of which
the porous and ﬁbrous products are more easily found, adhering to which are granular calcite crystals.Fig. 4. Relationships between total porosity and IWAC with distance from the exposed surface of concrete.
Fig. 5. SEM images of different concrete layers.
P. Hou et al. / Case Studies in Construction Materials 1 (2014) 154–163 159The Ca/Si mole ratio of the bulk pastes of different layers was compared by using the EDS technique. It shows in Fig. 6 that
the Ca/Si ratio varies greatly in the exposed layer from about 0.5 to about 10. The small value could be due to the loss of Ca
ions of the hydration products during leaching, while a high value could be ascribed to the carbonated Ca-bearing
components. A relatively low Ca/Si ratio layer (0.8–1.5 cm from the exposed surface) is seen in sample A. Referring to its
porous gel structure as shown in Fig. 5, it can be deduced that a great decalciﬁcation extent and a declining carbonation
extent could be the reasons. Within the less carbonated region, i.e. from 2.5 cm to inward, the Ca/Si ratio appeared to keep
stable and a relatively high value is shown. A smaller value of the 3.2–3.9 cm layer than the 2.4–2.7 cm layer is unclear and
the decalciﬁcation of the Ca-bearing components from the bottom of the concrete during service may be one of the reasons.
A smaller difference between Ca/Si ratios of the different layers of sample B could also be due to its shorter service age
as discussed in the SEM studies.
3.3. Mineral compositions
3.3.1. XRD
The mineralogical phases of the different concrete layers were studied by XRD, and the results are shown in Fig. 7. For
sample A, apart from the gradual increase of the intensity of calcite from the inside to outside layer, no signiﬁcant alteration0.1
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Fig. 6. Calcium-to-silicate ratio of bulk paste of different layers of samples A and B.
Fig. 7. XRD patterns of different concrete layers of samples A and B (Q-quartz, A-albitite, C-calcite, P-portlandite).
P. Hou et al. / Case Studies in Construction Materials 1 (2014) 154–163160of phase compositions is seen. The disappearance of the portlandite in sample A could be due to its low concentration as
well as the coating of the CH crystals with carbonated phases. The occurrence of aragonite in the outer layers can also be
seen in the inserted plot of sample A. It has been reported that aragonite could form during the carbonation of cementitious
materials under the existence of silica gel (Black et al., 2007) and high-CO2 ﬂuids (Rimmele´ et al., 2008), which could be the
case of the external layer of concrete as shown in Fig. 5, which shows that ﬁbrous products are formed in the sub-exposed
layer and this could be ascribed to ﬁbrous aragonite (Santos et al., 2012).
For sample B, beyond the 1st layer, portlandite exists in every layer, indicating a lower carbonation extent compared to
sample A. No other distinguishing gradient feature exhibits in the XRD plots of this sample.
3.3.2. IR
From the above results, it can be seen that alteration of the chemical composition happens during the service of
the concrete. The alterations of the C-S-H gel structure were studied by IR spectroscopy, and obvious gradient features of
the gel structure are shown in Fig. 8.
It can be seen in Fig. 8 that for both samples the intensities of the carbonation bands at 1440 and 877 cm1 increase with
increasing location near to the exposed surface, and this is consistent with the increasing carbonation extent as observed
by previous results.
A characteristic set of bands centered at 1000 cm1 are assigned to Si–O stretching vibrations of the Q2 tetrahedra, and
their mean frequency varies systematically with Ca/Si ratio. It has been reported that a shift toward higher frequency with
decreasing Ca/Si ratio 1.2, indicates the progressive polymerization of the silicate chain (Yu et al., 1999). Such a trend isFig. 8. IR spectra of different concrete layers.
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P. Hou et al. / Case Studies in Construction Materials 1 (2014) 154–163 161seen in different concrete layers, especially in sample A. It can also be seen in Fig. 8 that, with the decalciﬁcation and
carbonation of Ca-bearing components, the polymerization degree of C-S-H gel increases, which is consistent with
studies performed on NMR by Cong (Cong and Kirkpatrick, 1996), whose results demonstrated a higher polymerization
degree of C-S-H gel with smaller calcium-to-silicate ratio.
3.4. Micro-mechanical property
To reveal the micro-mechanical properties of different concrete layers, Vickers hardness (HV) testing was performed
on sliced concrete samples. Statistical analyses showed that all the raw data of the hardness testing obeyed the normal
distribution. Fig. 9 shows the raw data and the average value of the hardness as indicated by the dash line and
the standard deviation as represented by the shading height. To determine whether a signiﬁcant difference of the
micro-mechanical property exists between two neighboring layers, two sample T hypothesis tests were carried out on
the raw data and the results are listed in Table 2.
From Table 2 it can be seen that a signiﬁcant difference exists between the surface layer(s) with the inner one(s)
(according to the statistical analysis theory, any ti greater than T0.05/2(59) = 0.23 (T0.05/2(59) shows that the degree of
conﬁdence was 95% and the sample size was 60) means a statistically signiﬁcant difference of their average values.
Generally, as shown in Fig. 9, the mechanical property evolution of the bulk paste and that of the corresponding interfacial
transition zone share the same trend. In both samples, a higher microindentation value can be found in the more seriously
carbonated layer, and this could be due to that the CaCO3 having a higher mechanical property than other constituents in
cement paste (Xiao et al., 2002). Moreover, it is known that aragonite, as indicated in the XRD pattern of the outer layer(s),Table 2
Two-sample hypothesis testing results of the Vickers hardness of the neighboring layers of samples A and B (0.05 level of signiﬁcance).
T0.05/2(59) = 2.003 t1st–2nd t2nd–3rd t3rd–4th t4th–5th,6th
Sample A Bulk paste 4.79 5.36 1.47 4.50
ITZ 4.61 9.44 3.42 3.36
Sample B Bulk paste 2.63 1.62 4.55 8.92
ITZ 10.36 4.74 2.53 6.03
P. Hou et al. / Case Studies in Construction Materials 1 (2014) 154–163162presents improved physical and mechanical properties, whose hardness on the Mohs scale is 3.5–4, (higher than that of
3 for calcite – Santos et al., 2012). For the higher hardness value of the second layer to that of the ﬁrst layer of sample A, a
more compact structure of the former could be the reason. The increase of Vickers hardness with the increase of the layer
depth in sample A could be ascribed to the denser structure of the inside paste results from less calcium-leaching and
carbonation (Schwotzer et al., 2010) (no signiﬁcant difference exists between the 3rd and 4th layer of the bulk paste).
For sample B, higher mechanical properties are observed compared to sample A. Apart from the higher micro-indentation
value of the ﬁrst layer, an obscure gradient feature of the micro-mechanical property of different layers is seen in this sample.
Both of the above two features could be due to the shorter service time of the concrete. A relatively lower micro-indentation
value of the fourth layer is unknown.
When comparing the harder layer locations of the two samples, it can be seen that the harder front is deeper in the older
concrete and this could be the result of the coupled inﬂuences of carbonation and decalciﬁcation on the paste.
4. Conclusions
The understanding of the gradient features of concrete is vital for a sound prediction of the property evolution of cement
based material. In this study, the gradient features of two road concretes in-service (one 15 years old and one 5 years old)
were studied in detail and the following conclusions can be drawn:1. A gradually coarsening trend of pore structure which accounts for the increasing liquid transport property is found in the
in situ concretes from inside to outside layers although a comparable total porosity among different layers may be the
case.2. A three-layer morphological feature is found in the in situ concrete samples, i.e. the porous and granular feature of the
fully carbonated layer, the ﬁbrous and the porous structure feature of the highly decalciﬁed and partially carbonated
sub-exposed layer and the partially carbonated but compacted features of the inside layer.3. The alterations of the mineralogy, the pore structure and the gel structures result in a gradient distribution of the
micro-mechanical properties of the cement paste, in which a harder layer is found in the outer part of the concrete,
which moves inward with aging.
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